We present the results of our 2nd radial velocity monitoring campaign, carried out with theÉchelle spectrograph FLECHAS at the University Observatory Jena in the course of the Großschwabhausen binary survey between December 2016 and June 2018. The aim of this project is to obtain precise radial velocity measurements for spectroscopic binary stars in order to redetermine, verify, improve and constrain their Keplerian orbital solutions. In this paper we describe the observations, data reduction and analysis and present the results of this project. In total, we have taken 721 RV measurements of 11 stars and derived well determined orbital solutions for 9 systems (7 single-, and 2 double-lined spectroscopic binaries) with periods in the range between 2 and 70 days. In addition, we could rule out the orbital solutions for the previously classified spectroscopic binary systems HIP 107136 and HIP 107533, whose radial velocities are found to be constant on the km/s-level over a span of time of more than 500 days. In the case of HIP 2225 a significant change of its systematic velocity is detected between our individual observing epochs, indicating the presence of an additional companion, which is located on a wider orbit in this system.
Introduction
The University Observatory Jena is located close to the village Großschwabhausen roughly 10 km west of the city Jena (Pfau 1984) . Since 2013 the fibre-linkedÉchelle spectrograph FLECHAS (Mugrauer et al. 2014 ) is mounted at the 90-cm reflector telescope while it is operated in the Nasmyth mode (D = 90 cm, f /D = 15). As part of the Großschwabhausen binary survey (Mugrauer et al. 2016) a radial velocity (RV) monitoring program was started in 2015 (Bischoff et al. 2017 ) in order to redetermine, verify, improve and constrain the Keplerian orbital solutions of spectroscopic binaries, selected from the 9th Catalogue of Spectroscopic Binary Orbits (SB9 hereafter, see Pourbaix et al. 2004 ). The SB9 yields information about orbital elements of several thousand spectroscopic binary systems. The binaries are ranked by different orbit grades with values from 0 (poor) to 5 (definitive), dependant on the quality of their orbital solutions.
The project presented here is a continuation of this RV monitoring programm with a target sample, chosen from the SB9, with less constrained orbital solutions, which exhibit 2 Observations and data reduction
In the course of our RV monitoring project 11 targets were observed during two observing epochs between December 2016 and May 2017, and from January to June 2018. In total, more than 33 spectra could be taken for each target with FLECHAS in its 1x1 binning mode, which provides a spectral resolving power of R ∼ 9300. On average, the obtained spectra of all targets exhibit a signal-to-noise-ratio (SN R) in the range between about 110 and 300 (as measured at a wavelength of 6500Å), which is adequately high to obtain accurate RV measurements. In general three spectra, each with a minimum integration time of 150 s were taken for each target to remove cosmics from the resulting spectra, and to achieve a sufficiently high SN R. Directly before the spectroscopy of each target 3 flat-field frames of a tungsten lamp with an exposure time of 5 s were taken followed by 3 spectra of a ThAr lamp (with more than 700 detected emission lines) for wavelength calibration. Table 1 Properties of the observed targets. For all targets their equatorial coordinates (RA, Dec), V-band magnitude (V ) and spectral type (SpT) are given together with their orbital solution (period P , periastron time T 0 , eccentricity e, argument of periastron ω, RV semi-amplitude K, and systematic velocity γ) as listed in the SB9 with an orbit grade of 3 or lower. In addition, dark frames for all used exposure times were taken in each observing night for the dark current removal. The complete spectroscopic data reduction was done with the FLECHAS software pipeline, developed at the Astrophysical Institute Jena, which is optimized for the reduction of FLECHAS data. The software includes dark current subtraction, flat-fielding, extraction and wavelength calibration of the individual spectral orders, as well as the averaging and normalization of all spectroscopic data (Mugrauer et al. 2014) . Throughout this project, 2163 spectra of all targets could be taken, which results in 721 fully reduced spectra with a total integration time of 132 h. The details of the observations of all targets are summarized in the observation log, which is listed in Tab. 2. Table 2 Observation log. For each target we list the number of observations (N Obs ), the dates of the first and last successful observation, as well as the average signal-tonoise ratio (< SN R >) of all spectra, as measured at λ = 6500Å. 
Radial velocity measurements
The RVs of the targets are determined for all observing dates in the fully reduced spectra of the stars, by measuring the wavelengths of the first three Hydrogen Balmer lines (H α : λ 0 = 6562.81Å, H β : λ 0 = 4861.34Å, H γ : λ 0 = 4340.48Å), which are prominent lines in the spectra of early type stars with spectral type B to F. Thereby, the wavelength of the spectral lines are determined by fitting a Gaussian profile on the Doppler broadening dominated line cores, using the IRAF standard script SPLOT. The RV of the stars is derived from the measured Doppler shifts (λ − λ 0 ) of the individual spectral lines by
with c the speed of light, and BC the barycentric correction.
In the fully reduced spectra the RVs of all stars, obtained by the core fitting of their Balmer lines, are averaged and their standard deviation is determined. This yields for all observing dates the RV of each target, including its uncertainty.
In addition, telluric spectral lines, detected in the different spectral orders are used to check the stability of the wavelength calibration of FLECHAS throughout our RV monitoring project. The RVs of the measured telluric lines scatter on average on the 0.9 km s −1 level, which is consistent with the reached RV precision of the different observed targets. The long-term RV stability of the spectrograph was already verified by Irrgang et al. 2016 and Bischoff et al. 2017 , and is also confirmed by our measurements, taken in the course of this project.
While most of the observed targets are classified as single-lined spectroscopic binaries, a splitting of the spec- tral lines is detected in some spectra of HIP 107162, and HIP 2225, as it is illustrated in Fig. 1 . Hence, these stars are double-lined spectroscopic binaries, in which the RVs of their components can be measured separately.
In order to obtain the wavelengths of the blended spectral lines of the observed SB2s the line-deblending task in SPLOT is used if applicable. In the case of HIP 107162 the wavelengths of the spectral lines are determined using linedeblending at orbital phases with maximal RV deviations from the systematic velocity. In contrast for HIP 2225 the spectral lines of the individual components remain significantly blended even at extreme orbital phases, and the linedeblending fails to provide the wavelengths of both components, only the wavelength of the spectral lines of the primary star can be measured. In order to determine the wavelengths of the spectral lines of the secondary component we flip all normalized spectra at the line centers of the primary and subtract them from the original spectra. As illustrated in Fig. 2, in these difference spectra the line profile of the primary component is well removed and only the spectral line of the secondary component remains (as a positive/negative pair), whose wavelength is determined by Gaussian fitting.
The determined RVs of our targets with their uncertainties are summarized for all observing dates (given as barycentric Julian date BJD) in Tab. A1 to A11. The reached RV precision ranges between 0.6 and 2.8 km/s for the single-lined, and between 2.3 and 20.4 km/s for the double-lined spectroscopic binaries, respectively.
Orbit determination
The RV variation of a component of a binary star due to Keplerian orbital motion around the barycenter of the stellar system is described by
norm. Flux + const where K is the semi-amplitude, ν the true anomaly of the component, ω the argument of periastron, e the eccentricity of its orbit and γ the systematic velocity of the stellar system.
The semi-amplitude
depends on the minimum semi-major axis a sin(i), the orbital period P , and the orbital eccentricity of the component of the spectroscopic binary system.
www.an-journal.org Fig. 4 The phase-folded RV curves of the double-lined spectroscopic binaries HIP 107162, and HIP 2225. The RV measurements are shown with their uncertainties together with the derived best fitting Keplerian orbital solutions (grey lines).
For all spectroscopic binaries the orbital elements together with their uncertainties are determined by fitting Keplerian orbital solutions on the obtained RV measurements of the systems, using the spectroscopic binary solver (Johnson 2004) . The derived orbital solutions are illustrated as grey lines in the phase-folded RV curves in Fig. 3 , and their orbital elements are summarized in Tab. 3. The orbital solutions all exhibit reduced chi-squared values of χ 2 red ∼ 1 and their semi-amplitudes are at least three times larger than the given RV uncertainties, i.e. the FLECHAS spectroscopy significantly detects the Keplerian motion of all binary systems, monitored in this project.
For HIP 30247 (e = 0.004 ± 0.003), HIP 23040 (e = 0.000 ± 0.006) and HIP 107162 (e = 0.012 ± 0.035) the derived orbital solutions are consistent with circular orbits. Therefore, for these particular systems the orbit fitting was repeated, whereby the eccentricity was fixed to e = 0.
In order to check the stability of the determined orbital solutions over the whole span of time, covered by our RV monitoring project, at first we derived the orbital solutions of all systems for both observing epochs separately. For the majority of all systems, these orbital solutions agree with each other within their uncertainties. Hence, for these systems we use all available RV data of both observing epochs to determine the best fitting Keplerian orbital solution. In contrast, for HIP 2225 a significant difference in its systematic velocity is detected between the first (γ = 22.6±0.4 km/s) and second (γ = 13.1±0.4 km/s) observing epoch. In order to determine an orbital solution for this particular system, based on all RV data, in each observing epoch the derived systematic velocity is subtracted from the RV measurements, resulting in a fixed systematic velocity (γ = 0 km/s) in the final orbital solution of HIP 2225.
For HIP 107136 and HIP 107533 no significant RV variation could be detected. Both stars exhibit a constant RV of −5.8 ± 3.1 km/s, and −17.2 ± 1.2 km/s, respectively.
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Discussion
In the course of our RV monitoring project more than 30 RV measurements could be recorded with FLECHAS for all targets, yielding homogeneously covered phase-folded RV curves of all observed spectroscopic binary systems. For the majority of these systems our RV data verify and constrain the given orbital solutions, which are listed in the SB9, and are summarized in Tab. 1. For HIP 25048 the relative difference between the orbital period, obtained in this project, and the one listed in the SB9 is 2.9 % and thus significantly larger than for the remaining 9 spectroscopic binaries, among which HIP 77986 exhibits the largest difference of only 0.7 %. The eccentricity of this system deviates by 0.11 and its argument of periastron by more than 100 • from the SB9 value, which corresponds to the largest difference of both quantities, found among all targets, investigated in this project.
In general, the semi-amplitudes of all systems, derived here, deviate by more than 10 % from the amplitudes, given in the SB9. In the case of HIP 113048 the semi-amplitude, listed in the SB9, is even twice as large as the amplitude of the system derived from our RV measurements. Only for HIP 30247 and HIP 23040 the obtained semi-amplitudes agree on the 3 percent level with the SB9 amplitudes.
On average, the systematic velocities of all systems, derived in this project, differ by about 2 km/s from the velocities given in the SB9, with the largest difference of about 9 km/s found for HIP 107162.
HIP 107136, and HIP 107533 are both listed as singlelined spectroscopic binaries in the SB9 but no significant RV variation could be detected for these stars in our RV monitoring project within a span of time of 545 days. Furthermore, as illustrated in Fig. 5 , our RV measurements clearly rule out the orbital solutions of both stars, as given in the SB9, but prove that they exhibit constant RVs of −5.8 ± 3.1 km/s, and −17.2 ± 1.2 km/s, respectively.
HIP 2225, which is classified as a single-lined spectroscopic binary in the SB9, turns out to be a actually a doublelined spectroscopic binary system, as confirmed with the RV measurements, taken in the course of our project. Furthermore, while for the majority of the observed binary stars their orbital solutions, derived for both observing epochs separately, are consistent with each other within their uncertainties, HIP 2225 exhibits a significant variation of its systematic velocity ∆γ = −9.5 ± 0.6 km/s between both observing epochs, which yieldsγ = −7.8 ± 1.4 km s −1 yr −1 . This deviation of the systematic velocity indicates the presence of a further companion on a wider orbit in this system. For a companion on circular orbit with the radius a one expects a maximal deviation of the systematic velocitẏ
with M the total mass of the system. Indeed, Horch et al. 2015 detected a faint companioncandidate (∆m ∼ 2.4 mag) in the (infra)red spectral range, which is located only about 0.1 arcsec southwest of HIP 2225. If this candidate is a bound companion of the star its mass can be approximated using its magnitude difference to HIP 2225, as well as the spectral type of the star (A2V, as given in the SB9). According to the spectral type -effective temperature relation from Pecaut et al. 2013 this yields a mass of the companion-candidate of about 1.1 M . With the mass of HIP 2225 (2.26 M , as determined by Allende Prieto et al. 1999 ) and the derived mass-ratio of the spectroscopic binary (∼0.56, see Tab. 5), the total mass of the HIP 2225 system can be estimated to be 4.6 M .
Hence, assumingγ =γ max , the orbital radius of the wide companion is about 10.5 au, which corresponds to an orbital period of ∼16 yr. At the distance of HIP 2225 (π = 11.2634 mas, Gaia Collaboration et al. 2018) this yields a maximal projected angular separation between the companion and the star of about 0.12 arcsec, fully consistent with the observed angular separation of the companioncandidate, directly imaged by Horch et al. 2015 . Therefore, we consider this candidate as a bound companion of HIP 2225, which induces the detected deviation of the systematic velocity of this system. Furthermore, the observed higher eccentricity of the close spectroscopic binary might also indicate the presence of an additional companion of HIP 2225. In order to further constrain the orbital parameters of this wide companion, which should be denoted as HIP 2225 C, additional RV monitoring and high contrast imaging observations are needed, which have to be carried out within the next one and a half decades.
Finally, for all observed single-lined spectroscopic binaries their mass-function f (M ) and the minimum semimajor axis a sin(i) can be derived from the determined orbital elements of these systems
which are listed with their uncertainties in Tab. 4. Table 4 The derived mass function f (M ) and minimum semi-major axis a sin(i) of all single-lined spectroscopic binary systems, observed in this project.
[au] HIP 23040 0.0171 ± 0.0002 0.0125 ± 0.0001 HIP 30247
0.0224 ± 0.0002 0.0192 ± 0.0001 HIP 113048 0.00021 ± 0.00002 0.0097 ± 0.0004 HIP 25048
0.1644 ± 0.0069 0.1136 ± 0.0016 HIP 85829
0.0050 ± 0.0002 0.0379 ± 0.0005 HIP 77986
0.0023 ± 0.0005 0.0331 ± 0.0022 HIP 98194
0.6392 ± 0.0186 0.2869 ± 0.0028
In addition, for the double-lined spectroscopic binaries the minimum-masses of their components
as well as their minimum semi-major axes can be determined, which are summarized with their uncertainties in Tab. 5.
The single-lined spectroscopic binaries exhibit massfunctions in the range between 0.0002 and 0.64 M and their minimum semi-major axes range between about 0.01 and 0.29 au.
While the double-lined spectroscopic binary HIP 107162 consists of two comparably massive stars on circular orbits (consistent with the result, given in the SB9), the components of HIP 2225 exhibit a mass-ratio of 0.56 ± 0.03, and revolve around their barycenter on close (a < 0.1 au) and slightly eccentric (e ∼ 0.14) orbits with a period of about 4 days. In addition, a further companion, HIP 2225 C, could spectroscopically be identified in this system, which orbits the close binary with a period of about 16 yr, or more. The RV monitoring project of spectroscopic binaries, presented here, is part of an ongoing program, carried out at the University Observatory Jena. In the future we will continue to take RV measurements of the remaining targets of this program until precise orbital solutions for these systems can be derived from our RV data. Theses RV measurements and orbital solutions, together with those presented in this paper, will be made available online at VizieR (Ochsenbein, Bauer & Marcout 2000) . Pfau, W. 1984 , JenRu, 29, 121 Pourbaix, D. et al. 2004 , A&A, 424, 727 Stickland, D. J. 1987 , Obs, 107, 5 Taffara, S. 1939 , MmSAI, 12, 279 Udick, S. 1912 , PAllO, 2, 191 Zehe, T., Mugrauer, M., Neuhäuser, R. et al. 2018 A Radial velocity measurements 
